Introduction
The exocrine pancreas in the mature animal synthesizes and stores digestive enzymes for release after ingestion of a meal that induces neural and hormonal stimulation. These secretory products are stored in and carried to the apical pole of the acinar cell by zymogen granules. Another secretory function of the pancreatic acinar cell is constitutive export of proteins for the assembly of the extracellular matrix at the basolateral pole of the cell and for the turnover of the plasma membrane components, such as hormonal receptors. The segregation between these two possible secretory directions takes place in the hum-Golgi network (EN), where regulated secretory proteins (zymogens) aggregate on acidification while the other constitutively secreted proteins remain soluble (Burgess and rounded by light material. With immunogold cytochemistry, the concentration of chymotrypsinogen was directly associated with the acquisition of electron density by the granule matrix. These observations suggest that fetal granules have a slower rhythm of zymogen condensation and an irregular shape that could be due to the particular c o m p ition of the matrix and the absence of GP2. We condude that, in the exocrine panaeas, secretory granules can be formed under various conditions, even with a matrix containing a ratio of components very different from that of the normal mature animal. ( J tiisrochem Cytochem 4481499, 1%) KEY 
" :
Secretion granule; ks-Golgi network; Exouine pancreas; Regulated secretion; Electron microscopy; Immunocytochemistry; Pig. 1987). These regulated protein aggregates are then entrapped in vesicles that bud from the E N to form immature granules in which final concentration of the material takes place to produce mature secretory granules.
The morphology and physiology of the rat exocrine pancreas are well known at all stages of development. However, nothing is known about the pig pancreas from the standpoint of morphology, and very little is known concerning physiology. The interest of the pig is in its anatomic and physiological similarities with the human, particularly with respect to the digestive tract and nutritional requirements (Dodds, 1982) . In the pig, amylase, chymotrypsinogen, and trypsinogen appear at around Day 65 of gestation and trypsinogen at Day 75 (Westrom et al., 1987) . Very low levels of zymogen activity are detected in the beginning of gestation but these are markedly increased during the second half of the fetal period (Sangild et al., 1994) and after birth (Corring et al., 1978) . However, the relative proportion of the different enzymes has never been investigated and compared with the normal composition of the adult animal.
In the exocrine pancreas, a membrane-bound protein interacting at acidic pH with aggregates of regulated secretory proteins has been identified (Leblond et al., 1993) . This protein is GP-2, the major protein of the zymogen granule membrane. The protein is anchored in the membrane through a glycosyl phosphatidylinositol glycolipid. Indications in favor of its role in the biogenesis of the zymogen granule as a receptor for protein aggregates in the TGN en route to storage in the secretory granule come from its response to acidic conditions analogous to those found in the E N . O n mild acidification, GP-2 (a) specifically co-precipitates with the zymogens (Leblond et al., 1993) , (b) specifically binds to aggregated amylase (Jacob et al., 1992) ; and (c) self-aggregates (Fukuoka et al., 1992) . On the other hand, it has been reported that GP-2 is not expressed in the rat fetus, even though the pancreas contains plenty of granules (Ditti6 and Kern, 1992). Therefore, the absence of GP-2 does not appear to prevent the formation of granules.
To elucidate the development of GP-2 in regard to the maturation of the pancreas, which takes place by the acquisition of a full set of zymogens and by the attainment of hormone responsiveness, we have monitored in the pig the development of five pancreatic zymogens, along with GP-2, from the fetal age of 90 days of gestation up to the fully mature state. Levels of GP-2 "As transcripts were also quantitated. Knowing that, in the rat, zymogen granules could form without the expression of GP-2 (DittiC and Kern, 1992) , the morphology of the developing fetal pancreas was studied with special attention to secretory granules. The results show major differences of zymogen composition and morphology between fetal and adult pancreas. These observations are discussed from the standpoint of the versatility of the process of pancreatic zymogen granule assembly and the possible involvement of GP-2.
Materials and Methods
Animals. Yorkshire purebred fetuses and pigs used in this study were born at the Agriculture and Agri-Food Canada, Lennoxville. Fetuses were obtained from sows sacrificed by stunning after 90 (Day -24) and 110 (Day -4) days of gestation (gestation averaged 114 days). Other animals were sacrificed at 1, 21, 90, or 180 days of age. Two males and two females from three litters were obtained for each age studied. Feeding and management of animals were performed according to common commercial practices. Experimental procedures were performed in compliance with Canadian Council on Animal Care guidelines according to a protocol approved by the local committee on animal care. Tissue Sample Collection, RNA Isolation, and Northern Blot Analyses. After exsanguination, samples of approximately 250 mg of pancreas were immediately frozen by submersion in liquid nitrogen. Total pancreatic RNA was extracted after homogenization in 4 M guanidium thiocyanate and was prepared as described by Chirgwin et al. (1979) . The integrity of each RNA sample was verified by electrophoresis on 1% agarose-2.2% formaldehyde gels. RNA samples were stored at -80°C until use.
For Northern blots, 20 pg total RNA (quantified by absorbance at 260 nm) was denatured by heating at 60°C for 10 min in 9 pI of 50% (vlv) formamide and 10 x Mops buffer. RNA was size-fractionated on a 1 . 0 I agarose-2.2% formaldehyde gel and then transferred to nylon membranes (Nytran; Schleicher & Schuell, Keene, NH) using a VacuGene XL blotting system (Pharmacia Canada; Baie d'Urfe, Quebec, Canada). Filters were uv autocross-linked and baked at 80°C for 1 hr.
A 1433 base pair (BP) rat pancreatic GP-2 cDNA subcloned between the EcoRl and BamHI sites of the multiple cloning site of pGEM-4 (obtained from Dr. M. J. Rindler) (Hoops and Rinder, 1991) was used for Northern hybridization. This GP-2 cDNA is a PCR-isolated fragment that does not contain the full length encoding for the rat pancreatic GP-2 protein but starts from base 174 and runs through 1607. The recombinant plasmid containing the GP-2 cDNA was linearized with EcoRI and then was used as a template in a T7 Filters were prehybridized at 65°C for the cRNA probe and at 42-C for the cDNA probe for 4 hr in 5 x SSC, 50 mM Hepes (pH 6.8), 1% SDS, 5 x Denhardt, 2 mM EDTA, 50% formamide, and sonicated salmon sperm DNA (100 pglml). Hybridization was performed at 65°C for the cRNA and at 42°C for the cDNA probe during 16-20 hr in the above prehybridized solution with added [32P]-UTF-labeled RNA (1 x lo6 cpm) or [3ZP]-dCTP-labelled cDNA (1 x 106 cpm) probe. After hybridization, filters were washed for 15 min in 0.1 x SSC, 0.1% SDS at room temperature (RT) and then twice for 30 min in 0.1 x SSC, 0.1 SDS at 85°C for RNA and 65°C for DNA probe. An 18 S ribosomal cDNA probe (Lehoux et al., 1987) was used as a control to quantitate RNA loading. The filters were then exposed on X-ray film with an intensifying screen at -80°C for variable times and the films scanned with an imaging densitometer (Model GS-670; Bio-Rad Labs, Mississauga, Ontario, Canada) for quantiration of transcripts.
Analytical Methods. Proteins were determined by the Lowry procedure (Lowry et al., 1951) . All zymogens were kinetically assayed in microplates by following absorbance at 405 nm according to previously published methods (Lain6 et al., 1993) . In short, amylase assay was performed with the a-amylase EPS C-system (Ebehringer Mannheim; Laval, Quebec, Canada). Trypsin, chymotrypsin, and elastase were assayed using L-BAPNA. Suc-AAPF-pNA, and Suc-AAA-pNA (Sigma Chemical; St Louis, MO), respectively, as substrate. Lipare activity was determined using the Lipase.SR reagent kit (Analysis Systems; Camarillo, CA). One enzyme unit corresponds to 1 pmole of substrate hydrolyzed per min at RT. GP-2 was assayed using a competitive ELISA as previously described (Leblond et al.. 1989) .
Microscopy. Immediately after sacrifice. 20 pieces of tissue (1 mm3) were taken from different regions of the pancreas of five 110-day fetuses and fixed at RT for 60 min in 2% glutaraldehyde buffered with 100 mM phosphate, pH 7.4. After washing in the same buffer, half of the samples were dehydrated and embedded at -20°C in Lowicryl K4M (Roth et al., 1981) . After a second wash in 100 mM cacodylate, pH 7.4, the other half was postfixed for 60 min at RT in 2% 0~0 4 . dehydrated, embedded in Epon 812, and finally cured at 60-C for 24 hr. For light microscopy, 1-pm semithin sections of both Epon-and Lowicryl-embedded specimens were stained with toluidine blue. Representative micrographs were taken with a standard Universal Zeiss microscope equipped with a green filter on Kodak T-Max 100 film (Eastman Kodak; Rochester. NY). Thin sections of 90 nm prepared for ultrastructural and immunocytochemical studies were counterstained with uranyl acetate and lead citrate for observation with a Philips 201 electron microscope. Resins and all supplies for electron microscopy were from J. B. EM Services (Dorval, Quebec. Canada).
Immunocytochemistry. Immunolocalization of a-amylase, chymotrypsinogen, and GP-2 was carried out using a protein A-gold complex of 10 nm at a dilution of OD520 " , , , = 0.5 (Bendayan, 1989) using previously characterized antibodies (Grondin et al.. 1992; Paquette et al.. 1986 ). Control incubations for the specificity of labeling were carried out as follows: (a) without primary antibodies, (b) with antigen-adsorbed primary antibodies. and (c) with preimmune serum. the number of gold p a r t i c l e s /~* . Evaluation of the surface of the different types of granules was also performed using the same system. Student's t-test was used for statistical data analysis. 
Results

D N A and RNA Content
Development of the pig pancreas during gestation and after birth was similar to that found in other studies (' Gable 1) (Sangild et al., 1994; Corring et al., 1978) . Pancreatic weight showed aregular and parallel (rZ = 0.983) progression with body weight from Day 90 of gestation until Day 180 of life. Development of total pancreatic proteins, DNA, and RN^ ; ! ; ; pLz!leled the progression of body weight during the same period (data not shown). A dramatic increase in RNA content (per gram of tissue) was observed in the pig pancreas during gestation ( Figure 1 ). From 110 days of gestation to 90 days of age the DNA content steadily decreased ( Figure  1 ). With the exception of a slight decrease at birth, the amount of proteins per gram of tissue increased regularly up to Day 90. This steady increase of proteins per gram of tissue, accompanied by a decrease of DNA after birth and up to Day 90 of life, showed that pancreatic cells were filling up with proteins. Indeed, the ratio of proteins to DNA (Figure 2) progressively increased up to 90 days of age, indicating cell hypertrophy.
Zymogen and GP-2 Content
(1 day) Weaning weights between sexes.
The evolution of five pancreatic zymogens was monitored during pancreatic development. When total zymogen activities in the pan-Quantifkation of cell Populations. Acinar cells were classified into three populations: cells with dense granules only, cells with lucent granules only, and cells with mixed granule densities (lucent and dense andlor core granules). The entire surface of five sections of two fetuses was analyzed at a magnification of x 5000. A total of 30,000 cells were examined and results were expressed as percent of total cells. Jmmunogold Quantitation. Quantitative evaluation of chymotrypsinogen labeling over zymogen granules was carried out according to Bendayan (1989) . Micrographs of more than 20 different acinar cells from each ani- creas were plotted against age, most zymogens displayed accumulation during development (Figure 3a ). Although some zymogens (amylase, trypsin, and elastase) were barely detectable in the fetus, chymotrypsin content reached 20% of its maximum after 110 days of fetal life. However, when expressed as enzyme units per mg of DNA, chymotrypsin showed a totally different pattern compared with the four other zymogens, which increased dramatically from birth to 180 days (Figure 3b ). The specific activity of chymotrypsin dramatically dropped at birth from a maximal concentration of 365.0 +_ 136.5 U/mg DNA reached at 4 days before birth to aminimum of 56.05 +_ 31.7 U/mg DNA reached at 180 days of age. That minimum represented 15% of the maximal fetal concentration of chymotrypsin. A similar pattern was obtained when enzyme activities were expressed per mg of protein (data not shown) and can be explained by the parallel increase of total protein and total DNA in the pancreatic tissue. The specific activities of the other zymogens were very low in the fetus and steadily increased after birth. Indeed, 4 days before birth the activities of amylase, lipase, trypsin, and elastase were 0.41 2 0.14,45.9 * 16.2, 0.64 * 0.19, and 0.028 * 0.012 U/mg DNA, respectively. Starting at Day 21 after birth, activities of amylase, lipase, and elastase increased steadily to reach a maximal accumulation per cell (per DNA) at 180 days (at 90 days for trypsin). The major protein of the zymogen granule membrane was not yet detected after 90 days of gestation and the content was extremely low from the Day 110 of gestation up to Day 21 after birth ( z O . 5 pg/mg DNA) ( Figure 4 ). From Day 21, GP-2 content started to dramatically increase, reaching 27.0 pg/mg DNA at Day 90, which represented 82 % of the adult level of 32.72 pg/mg DNA. When compared with the development of zymogens, the development of GP-2 was absolutely parallel to those of elastase (r2 = 0.996), amylase (r2 = 0.968), and trypsin (r2 = 0.945). whereas it was less parallel to the development of lipase (r2 = 0.894) and very much less to chymotrypsin (r2 = 0.617).
Level's of GP-2 mRNA
Quantitative analysis of the GP-2 mRNA transcripts showed a nondetectable level in the fetus and in the newborn, and a strong sig Figure 4 . Development of GP-2 concentation in pig pancreas from Day 90 of fetal life to full maturity. GP-2 was assayed in whole pancreatic homogenate using a specific ELISA for the porcine protein. Results are expressed as pg GP-2/mg protein (left) or mg DNA (right). GP-2 could not be detected before Day 110 of gestation (-4) (0.37 f 0.10 pg/mg DNA). In the pancreas of l-dayold pigs, GP-2 was at the detection limit (0.91 f 0.60 pglmg DNA). Content of GP-2 did not start to increase before weaning (Day 21). The maximum was reached at 180 days (32.36 f 2.34 pglmg DNA). in the pancreas of rats and pigs using cDNA and cRNA probes from the rat. Although both the cDNA and cRNA probes detected a single 1.9-KB GP-2 transcript in the homologous system of the rat, a second minor transcript of 2.3 K B was observed in the pig. Total RNA (20 pg) was size-fractionated on a lolo agarose-formaldehyde gel and then transferred to nylon membranes. Membranes were prehybridized for 4 hr and hybridized for 16-20 hr at 65% for the cRNA probe and at 42°C for the cDNA probe. After hybridization, filters were washed for 15 min in 0.1 x SSC. O.lO/o SDS at room temperature and then twice for 30 min in 0.1 x SSC. 0.1% SDS at 85OC for RNA and at 65OC for DNA probes. The filters were exposed on X-ray films with an intensifying screen at -80°C for variable times and autoradiograms were scanned with a densitometer. An 18 S ribosomal cDNA probe was used as a control to quantitate RNA loading. nal in 90-and 180-day-old pigs (Figure 5a ). Even though the probe had the rat sequence, the signal from pig samples was specific to the pancreas (Figure 5c ). The protein that has the highest sequence similarity with GP-2 is the Tamm-Horsfall protein (Fukuoka et al., 1992; Hoops and Rindler, 1991) and is exclusively expressed in the kidney. No significant crossreacting signal was observed. The latter results confirmed the strict pancreatic specificity of the rat GP-2 probe even with samples from the pig. However, in the pig pancreas, two transcripts (1.9 and 2.3 KB) were consistently observed on Northern blots, whereas in the rat only one transcript (1.9 KB) was observed (Figure 5d ). It was reported that a single gene encodes the membrane-bound and free forms of GP-2 in rat (Hoops and Rindler. 1991 ) and in dog (Fukuoka et al., 1991) . The presence of two transcripts in the pig might be the result of posttranscriptional events from a single gene.
Morphofogy of the Fetal Pancreas
By light microscopy the pig fetal pancreas showed entire regions of the tissue containing only cells with a lucent apex (Figure ba) , others only with dense granules (Figure 6c ). and some cells with granules of mixed densities (Figure bb) . When observed by electron microscopy, cells having a lucent apex by light microscopy showed many granules but of very light density to electrons (Figure 7a ). On the other hand, cells with dense granules showed the normal morphology observed in the adult pancreas except that the granules were slightly greater in number and were not perfectly circular (Figure 7b ). Quantitatively, in the fetal pancreas 4 days before birth, cells with lucent granules represented 12.7 f 4.1% of the cells, cells with dense granules 35.5 5.8%, and cells with granules of mixed density 51.9 2 3.9%. A more detailed examination of cells with mixed granules showed that they contained dense granules in various numbers. The dense granules were randomly dispersed in the cytoplasm (Figures 8a and 8b) and were not concentrated at the apex as in the adult. In addition to dense and lucent granules, the cells showed granules with a dense core surrounded by a light halo. Such cores were not uniform in shape or size (Figures 8c and 8d) . In some cells, core granules constituted the majority of granules (Figure 8d ). These core granules could be found in the &Golgi region (Figure 8c ), in the trans-Golgi region ( Figure 8d ), and all around the Golgi (Figures 8d and 9a) . The apex of some acinar cells could be made up of a mosaic of dense and light granules (Figure 9b ). These different densities of granule matrices were also observed when specimens were coldembedded in Lowicryl at -20°C without osmium postfiition. The same results as with Epon embedding were indeed obtained under the light microscope: cells with a lucent apex (Figure loa It is important to note that the electron density of endocrine granules was similar to what is normally observed in the adult (Figures  1lb and 1k ). In addition, single fixation with glutaraldehyde and embedding in Lowicryl enabled us to better distinguish granule membranes (Figures 12a and 12b ) and the particular texture of the granule matrix (Figure 12b ). Finally, the evolution of the granule content towards the acquisition of maximal opacity was more eas- . Figure 8 . Variation in the number of dense, lucent, and core granules in acinar cells in pig fetal pancreas (ultrathin sections). (a) A cell that contains many lucent granules and very few dense granules, one close to the Golgi (arrowhead), another near the lumen (arrow). (b) Cells in which dense granules are more abundant and are localized in the cis (arrow) and trans (arrowhead) areas of the Golgi, whereas some are close to the acinar lumen (open arrow). (c,d) Variation in the number and location of core granules in acinar cells. As with dense granules. core granules are located in cis-Golgi (c. arrowheads), all around the Golgi area (d). and close to the lumen (c). Go, Golgi; Lu. lumen; Nu. nucleus; rer, rough endoplasmic reticulum. Original magnification x 9300. Bar = 0.5 vm. Original magnifications: a,c x 34,800; b x 68,000 . Bars = 0.5 pm.
ily observed in specimens that had not been postfixed with osmium ( Figure 12c ). These two different fixation and embedding procedures confirm that the diverse granule densities, as well as the existence of core granules, are not due to an artifact of tissue processing.
gen. Immunocytochemical studies of fetal granules, which show a high density of chymotrypsinogen and a barely detectable level of amylase (the major zymogen at maturity), confirm this hypothesis. In mature animals, the signal is normally about three times higher for amylase than for chymotrypsinogen (Bendayan, 1989) .
Immunocytochemical Localization of GP2, a -Amylase, and Chymotrypsinogen
Immunocytochemical localization of GP-2, amylase, and chymotrypsinogen was originally performed to confirm biochemical observations. Under control conditions, only a few randomly distributed gold grains could be observed (results not shown, but Figure 13 is a good example of the level observed). As predicted by the results of the specific ELISA and of the Northern blots, GP-2 could not be immunocytochemically detected in any type of granule ( Figure  13 ). Amylase immunoreactivity displayed only a few gold particles per granule (Figures 14a-c) . Comparison of the signal of dense fetal granules (14.1 k 1.2 particleslprn2) with that of granules in the adult (158.5 -e 6.4 particleslprn*) gives a tenfold lower concentration of amylase in the fetus. On the other hand, the concentration of chymotrypsinogen is very important (Figure 15 ). Immunocytochemical data for this protease shows that a correlation exists between the density to electrons for the granule matrix and that of chymotrypsinogen (Table 2) . The highest and similar densities of particles are found in dense granules and in the core of core granules. The lowest density of chymotrypsinogen immunolabeling is found in the periphery of core granules, not in lucent granules that have a density equivalent to the average density of core granules when calculations are made without taking into account the two different zones of the matrix. In Figure 16 one can see that the stepwise increase in electron density of the granule mauix (from 1 to 5) is accompanied by a parallel increase in the concentration of gold particles representing Chymotrypsinogen immunoreactivity. Differences in granule surface area that are readily observable in Figure 15 were quantitated for the three diffcrent types of granules ( Table 2 ). The tallest granule are the lucent and the smallest are the dense granules, while the surface area of core granules is halfway between the two.
Discussion
During porcine development, the pancreas reaches its maximal cell density, i.e., it achieves the highest DNA concentration per gram of tissue, before birth, and declines thereafter. Concurrent with this, cells accumulate proteins, primarily zymogens, such that a maximal zymogen tissue content is achieved as the animal reaches full maturity. Except for chymotrypsin, for which development starts much earlier in fetal life, all zymogens develop in a parallel manner. Pancreatic development can be studied not only by analyzing total tissue zymogen content but also by looking at the specific activity of zymogens (Ulmg DNA or U/mg protein). When analyzed in this manner, the evolution of chymotrypsin is observed to be in total opposition to all other zymogens, i.e., it is highest in the fetus and lowest in the mature animal, whereas the opposite is true for all other zymogens. These results clearly suggest that fetal zymogen granules are primarily filled with chymotrypsino-Incidentally, such a decrease in chymotrypsinogen specific activity after birth had previously been reported in the rat (Sanders and Rutter, 1974) .
Morphological observation of the fetal pancreas revealed granules with various degrees of density to electrons. Compared to the adult, an important proportion of fetal cells had granules of very light appearance. On the basis of the appearance, these light granules can be considered "immature" according to the parameters of Rambourg et al. (1988) . The fact that such an abundance of light granules is not observed in normal mature pancreas suggests that the uncommon ratio of zymogens in the fetus hinders condensation or, at the least, causes a delay in condensation, since dense granules are produced in the fetal tissue. Therefore, the high proportion of chymotrypsinogen and/or the low proportion of other zymogens, or the possible deficiency of still unidentified factors, results in a slower aggregation of zymogens in the fetus. However, it must be stressed that amylase, the major component of the normal mature granule, was barely detectable, and that GP-2, the most important component of the latter's limiting membrane, was totally absent from the fetal pig pancreas. This study shows that these two proteins evolve in parallel (r2 = 0.968) during development and growth of the pig. On the other hand, it has previously been shown that under acidic conditions analogous to those existing in the sorting compartment of the secretory pathway, GP-2 binds exclusively to amylase (Jacob et al., 1992) . %ken together, these observations suggest that the expression of both GP-2 and amylase is required to produce secretory granules of normal appearance. The expression of elastase and trypsin, and to a lesser extent of lipase, all of whose development parallels that of GP-2, may also be required for the production of normal secretory granules. However, the presence in notable amounts of lipase and trypsin in the fetus is not a strong indication that they have a crucial role in zymogen condensation. Further support for a role of GP-2 in granule biogenesis is the observation that when granules are formed in the absence of GP-2 their size and shape are dramatically irregular (reviewed in Scheele et al., 1994) . The shape of the dense granules in the fetal pig is a good example of this phenomenon. All of this indirect evidence suggests that GP-2 is involved in a still unknown manner in the biogenesis of zymogen granules; hence, its absence results in granules of abnormal morphology. However, as shown by Colomer et al. (1994) . who have co-expressed GP-2 and salivary amylase in pituitary cells, GP-2 alone cannot sort amylase to the regulated pathway. Our observations also show that an absolute requirement for GP-2 in granule biogenesis must be ruled out. Nevertheless, it would be premature to conclude that the absence of a particular protein such as GP-2 in the fetus, during a period of porcine development in which there is no pressure to build up granules for secretion, would exclude this protein from being required for the biogenesis of normal granules in the mature animal.
In addition to confirming the biochemical analyses, morphological observations of the fetal tissue revealed distinct populations Figure 13 . Immunocytochemical localization of GP-2 in pig fetal pancreas. There is a total absence of any significant immunocytochemical signal with specific antibodies against pig GP-2 in lucent (a), core (b). and dense granules (c). The level of labeling is very similar to conditions in control incubations. Figure 15 . Immunocytochemical localization of chymotrypsinogen in pig fetal pancreas. A very high level of chymotrypsinogen labeling is observed over the contents of all types of granules, lucent (a), dense (c). or with a core (b). Differences in the density of labeling between dense and lucent granules, as well as between the core and the halo of core granules, are quantitated in Table 2 . It is of interest to note the difference in surface area of the three types of granules, lucent granules being the largest and dense granules the smallest. Original magnification x 50,800. Bar = 0.5 pm. Each quantitarion was performed on a total of 100 granules of granules possessing different matrix densities. Three different types of granules were observed in the fetus: light granules, dense granules. and granules with a dense core surrounded by a light halo. These variations were not due to fixation artifact of the differing regions of the granule matrix having different affinities for osmium, because omission of the latter during tissue processing yielded similar results. It is tempting to interpret this variation in granule density as representing the chronological condensation of the secretory material. Indeed, our observations favor this mechanism. First, the density of chymotrypsinogen in lucent granules is uniform and lower than in dense granules, revealing their immature character and prob-497 able identity as precursors of granules with condensed material. Second, the center of core granules has the same density of chymotrypsinogen as dense granules. Their periphery is almost twice less dense than lucent granules, suggesting that chymotrypsinogen has condensed in the center of core granules, resulting in its depletion from the periphery. Finally, the total amount of chymotrypsinogen immunolabel in the three populations of granules is almost similar, proving that dense granules could originate from lucent granules with core granules as intermediaries. The little chymotrypsinogen lost during the process could be accounted for by the process of granule maturation evidenced by Arvan and Castle (1992) . Three basic features of granule biogenesis have been revealed by our study. First, in the pig fetus the increase in granule electron density is directly related to the concentration of zymogens. Second, the mechanism of condensation is much slower in the fetus, allowing morphological observation of intermediaries in the process, the core granules. Finally, the increase in granule density can be dissociated from GP-2 expression because the protein is totally absent from fetal tissues. Therefore, in pig fetal pancreatic granules, the mechanism responsible for the increase in density of the granule content is similar to the process in the normal mature animal, i.e., the concentration of every single zymogen (Bendayan, 1989; Beaudoin et al., 1986; Bendayan et al., 1985) . However, the speed at which the condensation occurs appears to be much slower. This slowing could be due to the atypical composition of the content or to the absence of a component normally present in granules of adult animals. This element that is absent in the fetus might be Because granules are still formed in the pig fetus, although with an aberrant content and morphology and in the absence of at least one identified constituent (i.e., GP-2). we can infer that the pancreatic cell does not rely exclusively on a single mechanism to concentrate its zymogens and produce granules. One of the mechanisms that could occur in the fetal pancreas, where chymotrypsinogen is in very high proportion, could result from the high capacity of chymotrypsinogen to bind regulated secretory proteins at acidic pH (Gorr et al., 1992) . It can be concluded that pancreatic granule assembly does not rely on a single mechanism for the aggregation, sorting, and concentration of its zymogens. The biogenesis of pancreatic granules appears to be a process versatile enough to adapt to very different zymogen contents. It therefore can be inferred from these observations that such an adaptation would also exist for the myriad of contents stored in the multitude of granules of exocrine and endocrine origin.
